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ABSTRACT 
This paper presents a new method for the nonlinear analysis of steel frames subject to fire and 
explosion loading conditions. The proposed method subsumes conventional nonlinear analysis in that 
it can be applied to the two cases of fire and explosion loading in isolation and, more significantly, 
within the same analysis. The resulting integrated approach can therefore be used to study the 
behaviour of steel members and frames subject to scenarios of explosion loading followed by fire, 
effectively enabling the influence of explosion on the fire resistance to be evaluated. The paper 
describes the component beam-column formulations and discusses their incorporation within an 
adaptive analysis framework, which is largely responsible for the considerable efficiency of the 
proposed method. Details of the required elasto-plastic material models are finally presented, 
including the adopted models for steel subject to elevated temperatures, creep and high strain-rates. 
The companion paper provides several verification and application examples, using the nonlinear 
analysis program ADAPTIC, which demonstrate the accuracy and efficiency of the proposed 
method, and which investigate the influence of explosion on the fire resistance of steel members and 
frames. 
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1. INTRODUCTION 
It has been well recognised that the fire resistance of whole steel framed structures is significantly 
greater than that of the individual structural components, on the level of which fire resistance is 
universally assessed for design purposes[1]. Considering the cost of full-scale experiments, the use of 
analytical tools, which are calibrated against representative experimental results, has been widely 
accepted as the most effective means of undertaking parametric studies for the purpose of generating 
improved design guidance for steel structures subject to fire. Several nonlinear analysis tools for steel 
members and frames subject to fire have been recently developed[2-7], which vary in applicability and 
degree of sophistication. A common shortcoming of these tools is that they cannot be applied to 
situations in which the fire is a direct consequence of an explosion, which can influence the structural 
resistance to fire. Furthermore, these tools generally require a fine mesh of computationally 
demanding elasto-plastic elements to be used for the various structural members from the start of 
analysis, which can render parametric studies prohibitively expensive. 
This work aims at extending the range of applicability of nonlinear structural analysis to model steel 
frames under the successive actions of explosion and fire. The proposed method subsumes 
conventional nonlinear analysis in that it can be applied to the two cases of fire and explosion loading 
in isolation and, more significantly, within the same analysis. Furthermore, the new analysis method 
is enhanced with adaptive capabilities, which have been shown to achieve computational savings in 
excess of 90%[8,9]. Essentially, the adaptive approach is based on starting the nonlinear analysis with 
only one elastic element per member; during analysis, elastic elements are checked for exceeding the 
elastic limit and are refined into a suitable mesh of elastic and elasto-plastic elements, when and 
where necessary. 
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This paper discusses the overall framework for integrated adaptive nonlinear analysis of steel frames 
subject to explosion and fire. The paper proceeds with describing the main component beam-column 
formulations of the proposed method, their characteristics and range of applicability, as well as their 
incorporation within an adaptive nonlinear analysis procedure. The details of the material models 
used for the elasto-plastic formulation are then presented, including the modelling of the effects of 
elevated temperature, creep, and high strain-rate on the material response of steel. The paper finally 
discusses the extension of the adaptive method to provide an integrated nonlinear analysis capability 
for steel frames subject to the successive actions of explosion and fire. The verification and 
application of the developed method, implemented within the nonlinear analysis program 
ADAPTIC[8], are presented in the companion paper[10], which also investigates the influence of 
explosion on the fire resistance of steel members and frames. 
2. ADAPTIVE NONLINEAR ANALYSIS 
This work utilises recent developments in adaptive nonlinear analysis of steel frames[8,9], which 
generally provides significant modelling and computational savings, often exceeding 90% in 
comparison with conventional nonlinear analysis[8,9]. The adaptive method is based on starting the 
nonlinear analysis with a minimal mesh of inexpensive elastic elements, typically consisting of 1 
element per member. During analysis, elastic elements are checked in pre-defined zones for 
exceeding the elastic limit, in which case the affected elastic elements are replaced by an appropriate 
mesh of elastic and elasto-plastic elements, when and where necessary. This selective automatic mesh 
refinement process leads to an evolving mesh, which always employs the minimum number of 
computationally expensive elasto-plastic elements, as appropriate to the current incremental step. 
The three main components of nonlinear adaptive analysis are described hereafter, with particular 
reference to their application in the analysis of steel frames subject to fire and explosion loading 
conditions. These include 1) the elastic beam-column formulation, 2) the elasto-plastic beam-column 
formulation, and 3) the automatic mesh refinement procedure. 
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2.1. Elastic Beam-Column Formulation 
The first component of adaptive nonlinear analysis is an elastic beam-column formulation recently 
developed by Izzuddin[11], which is capable of modelling the nonlinear elastic response of steel 
members subject to thermal effects using only one element per member. The formulation is derived in 
a local convected system[8,12], which enables the modelling of large displacements and rotations in 
3D space. The adopted convected system also proves to be a convenient reference system for the 
application of automatic mesh refinement, discussed in Section 2.3. In the local system, the elastic 
formulation utilises 8 degrees of freedom, as illustrated in Figure 1, leading to quartic shape 
functions for the transverse displacements v(x) and w(x); similar shape functions are used to model 
initial imperfections in the transverse directions (Figure 1). Furthermore, no shape function is 
required for the axial displacement u(x), since the constant axial force criterion is utilised[11], which 
is largely responsible for the accuracy of the formulation in modelling the beam-column effect. 
The elastic quartic formulation allows for a quadratic variation over the element length of the cross-
section centroidal temperature and temperature gradient[11], achieved through utilising 
corresponding values at the two element ends and at mid-length. The effect of temperature variation 
over the cross-section on thermal strains is accounted for using a constant coefficient of thermal 
expansion (, and therefore the change in  at very high temperatures is not considered. The 
influence of temperature variation on the elastic Young‟s modulus (E) of steel is accounted for only 
along the centroidal reference line, its variation being ignored over the cross-section to facilitate 
explicit derivation[11]. Since the elastic modulus (E) of steel reduces at high temperatures[13,14], 
which can be approximated by a decreasing curve above a threshold temperature (ts) (Figure 2), the 
assumption of a constant E over the cross-section remains valid only if the temperature gradients are 
zero or if all the temperatures within the cross-section are below ts. 
Under explosion loading, the influence of high strain-rates on the material response must be 
accounted for. However, since the strain-rate effect is mostly evident in the plastic range, according 
to Malvern‟s visco-plastic theory[15], the quartic element can be applied without modification to steel 
beam-columns subject to explosion loading as long as they remain elastic. 
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2.2. Elasto-Plastic Beam-Column Formulation 
The second component of adaptive nonlinear analysis is an elasto-plastic beam-column formulation 
which can model accurately the spread of material plasticity over the cross-section and along the 
member. A fibre-type beam-column formulation is adopted for this purpose[8,9], which is also derived 
in a local convected system[8,12] enabling the modelling of large displacements and rotations in 3D 
space. In the local system, the elasto-plastic formulation utilises 6 degrees of freedom, as depicted in 
Figure 3, leading to cubic shape functions for the transverse displacements v(x) and w(x); no shape 
function is required for the axial displacement u(x), since a constant axial strain criterion is 
employed. The element response is assembled from contributions at two Gauss points where the 
cross-section is discretised into a number of monitoring areas[8,12], as illustrated in Figure 4 for an I-
section. This formulation utilises a relationship between the direct material stress and strain, allowing 
any uniaxial material model to be included; several material models of steel subject to elevated 
temperature, creep and high strain-rate are presented in Section 3. 
The elasto-plastic cubic formulation allows for a linear variation over the element length of the cross-
section centroidal temperature and temperature gradient, achieved through utilising corresponding 
values at the two element ends. The effect of temperature variation over the cross-section on the 
material properties of steel, including the coefficient of thermal expansion, Young‟s modulus and 
yield strength, are accounted for on the level of the individual monitoring areas. Similarly, the strain-
rate effect is modelled through establishing the uniaxial strain-rate for each of the monitoring areas. 
The cubic formulation can model the effects of material nonlinearity, resulting from elevated 
temperature, creep and high strain-rate, over the cross-section and along the length. However, a 
minimum of six elements per member would be required to achieve an accurate representation in the 
context of conventional nonlinear analysis, thus posing considerable modelling and computational 
demands. The automatic mesh refinement procedure, discussed in the following Section, addresses 
these deficiencies of the conventional nonlinear analysis method. 
2.3. Automatic Mesh Refinement 
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The automatic mesh refinement procedure, representing the last component of adaptive nonlinear 
analysis, is based on minimising the use of the computationally expensive elasto-plastic cubic 
elements at the various stages of the nonlinear analysis. This is achieved by starting the analysis with 
a coarse mesh of one elastic quartic element per member. After each incremental equilibrium step, 
elastic elements are checked in pre-defined zones for exceeding their range of applicability, in which 
case the affected elements are refined into a suitable mesh of elastic and elasto-plastic elements 
before proceeding with the nonlinear analysis[8,9]. This process in illustrated in Figure 5 for a 
nonlinear frame analysis in the time domain. 
Given the range of applicability of the elastic quartic formulation, as discussed in Section 2.1, the 
automatic mesh refinement procedure for nonlinear analysis under fire and explosion can be 
described by the following steps: 
1. Start the nonlinear analysis with one elastic quartic element per structural member. Additional 
non-structural mass elements are used for modelling dynamic effects due to explosion loading. 
2. Establish the loads, including temperatures, for the current incremental step. 
2.a. Perform iterations until convergence to equilibrium is achieved. 
2.b. Consider the elastic quartic elements in turn: 
• Check the current quartic element for exceeding its range of applicability at a number 
of locations in pre-defined zones, representing the Gauss points of potential elasto-
plastic elements, as illustrated in Figure 6. 
• If the quartic element has exceeded its range of applicability in some of the pre-defined 
zones, re-mesh the element by introducing elasto-plastic cubic elements into the 
affected zones, while keeping elastic quartic elements in the remaining unaffected 
zones of the original element (Figure 6). 
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2.c. If at least one quartic element has been re-meshed, repeat from sub-step (2.a) with the 
new overall structural mesh. 
3. Update the nodal and element variables, and repeat from step (2) until all increments have 
been applied. 
The main difference between conventional and adaptive nonlinear analysis lies in step (2.b), which 
includes the checking and re-meshing of elastic elements, as discussed hereafter. 
2.3.1 Checking of elastic elements 
The applicability of the quartic element is established at the Gauss points of potential elasto-plastic 
elements, as shown in Figure 6, by determining the axial force and biaxial bending moments at these 
points. 
Considering that finite elements predict displacements better than displacement derivatives, or strains 
and stresses, the axial force and biaxial bending moments within the element are obtained from 
equilibrium considerations rather than through differentiation of displacement shape functions. For 
example, the axial force and bending moment in the x-y plane can be obtained from the end forces 
and distributed loads, shown in Figure 7, from the following equilibrium equations which account for 
the beam-column effect: 
F  F1  px x (1.a) 
My  M1y Q1y x 
py x
2
2
 Fv(x) px v(x1 ) dx1
0
x


  (1.b) 
where, 
Q1y 
M1y M2y
L






py L
2

px
L
v(x) dx
0
L


  (1.c) 
A similar expression to (1.b) can be used to determine the bending moment in the x-z plane (Mz). 
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The direct strains can now be evaluated at any location (y,z) over the current cross-section under 
consideration, assuming a uniform elastic modulus (Ec ): 
 
F
Ec A

My y
Ec Iy

Mz z
Ec Iz
 (2) 
where Ec  is the centroidal elastic modulus dependent on the centroidal temperature, A is the cross-
sectional area, and (Iy, Iz) are the second moments of area in the two principal directions. 
For fire and explosion analysis, the quartic element is considered inapplicable at the current checking 
position if any of these conditions is detected at selected points within the cross-section: 
1. The direct strain () exceeds the yield strain (y), which depends on the temperature at the 
cross-sectional point under consideration. 
2. The temperature exceeds the proportional limit of thermal strains, above which the coefficient 
of thermal expansion () can no longer be considered constant. 
3. The elastic Young‟s modulus (E) varies significantly between the various cross-sectional 
points due to temperature variation. A 10% variation is used here as the maximum allowable 
variation. 
The above conditions are checked at the two extreme fibres in 2D plane frame analysis, whereas for 
3D frame analysis the checks are made at selected points on the cross-section boundaries depending 
on the cross-section shape. 
2.3.2 Re-meshing of elastic elements 
The automatic mesh refinement process involves the removal of an original elastic quartic element 
and the introduction of new elastic and elasto-plastic elements in the appropriate zones. New nodes 
are created at appropriate locations over the original quartic element, which serve to specify the 
connectivity of the new elements. The displacements of the new nodes are obtained from the 
deflected shape of the original element at the end of the previous incremental step. It is important, 
however, in the calculation of nodal displacements that the nonlinear variation of the axial 
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displacement u(x) is accounted for, which may be due to the variation of the elastic modulus along 
the original element length or due to the second order effect of transverse displacements[11]. 
The introduction of new elastic quartic elements requires their connectivity, cross-sectional and  
material properties, applied distributed loads and checking zones to be defined. Similarly, new cubic 
elements require the definition of connectivity, cross-sectional monitoring areas, material properties 
and applied distributed loads. For both types of element, the characteristics of new elements can be 
readily determined from those of the original element. 
3. MATERIAL MODELS FOR STEEL 
This Section presents several uniaxial material models for steel, which are required by the elasto-
plastic cubic formulation for the nonlinear analysis of steel frames subject to fire and explosion. The 
models cover the effects of elevated temperature, creep and high strain-rate, as discussed hereafter. 
3.1. Elevated Temperature Models 
It is well established that elevated temperatures effect a reduction in the material response of steel, 
including the elastic Young‟s modulus and the yield strength[13,14]. Two alternative material models 
of steel at elevated temperature are adopted in this work; the first is a simple bilinear model with 
kinematic strain-hardening, whereas the second is the more realistic, albeit more computationally 
demanding, elliptic model used in Eurocode 3[14]. The two models are required by the cubic 
formulation to provide the value of stress given a total strain at a specific temperature, as well as the 
value of the material tangent modulus necessary for establishing the element tangent stiffness matrix. 
3.1.1. Bilinear model 
The bilinear material model, illustrated in Figure 8, depends on three material parameters, namely 
Young‟s modulus (E), yield strength (y) and strain hardening parameter (), and their variation with 
temperature (T). It assumes that the elastic range remains constant after plastic deformation, 
adopting a kinematic hardening rule which is a linear function of the increment of plastic strain. The 
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variation of E with temperature is simplified to a trilinear curve over the considered temperature 
range, as illustrated in Figure 9, with similar trilinear curves also used to represent the variation of y 
and  with temperature. The parameters of the trilinear curves may be chosen based on the reduction 
factors for the elastic modulus, the proportional limit and the yield strength tabulated in Eurocode 
3[14], while   is chosen, according to the suggestion of Shen and Zhao[16], so as to achieve a best fit 
of the nonlinear elliptic model proposed by the Eurocode[14]. Consideration is also given to the 
nonlinear variation of the thermal strain (th) with temperature, where again a trilinear approximation 
is employed, as shown in Figure 10. 
The bilinear model is approximate, but its implementation is relatively straight forward. It is shown in 
the companion paper[10] that this model is computationally efficient, yet its accuracy is still 
reasonable. 
Hereafter, the determination of stress () for a given total strain () at a specific temperature (T) as 
well as the calculation of the tangent modulus (Et) are discussed. 
Determination of stress 
The total strain () is assumed to consist of the thermal strain (th) and the stress-inducing mechanical 
strain (m), the latter being the sum of the elastic strain (e) and the plastic strain (p), as expressed 
by: 
  m  th  e  p  th (3) 
Denoting the mechanical strain, plastic strain, stress and temperature at the end of the previous 
incremental step by m
o
, p
o
, 
o
 and T
o
, respectively, the stress () for a given total strain () at a 
temperature (T) for the current step can be determined according to the following procedure: 
1. Establish the current thermal strain (th) from the trilinear th-T relationship. 
2. Establish the current Young's modulus (E), initial yield strength (y) and strain-hardening 
parameter () at temperature (T) from the corresponding trilinear relationships. 
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3. Determine the current mechanical strain: 
 m    th  (4) 
4. Calculate the current stress assuming an elastic response (i.e. no further plastic strain): 
 e  E(m  p
o
)  (5) 
5. If the stress obtained in the previous step exceeds the current tensile yield strength (t) or 
compressive yield strength (c), as modified by strain-hardening, then recalculate  from the yield 
envelope: 
  
e (c  e  t )
(1 )y  Em (e  t )
(1 )y  Em (e  c )





 (6) 
 where, 
  t  c  2y  y 
Ep
o
1  
 (7) 
The above procedure is illustrated in Figure 11 for a plastic response in the tensile range. 
Considering the incremental nature of the proposed model, the current plastic strain (p) is required 
for establishing the tensile and compressive yield strengths for the following step. Once the current 
stress () is obtained according to (6), p may be established as follows: 
p  m 

E
  (8) 
as illustrated in Figure 11. 
Tangent modulus 
The determination of the material tangent modulus (Et) depends on the current stress-strain curve 
and whether the current stress state is elastic or plastic: 
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Et 
E (c    t )
E (  t ) or (  c )



 (9) 
where c and t are given by (7). 
3.1.2. Elliptic model 
The elliptic model is developed along similar lines to the model proposed by Rubert and 
Schaumann[17], although a simpler and more efficient model formulation is achieved in this work. 
The model is characterised by an initially linear progression up to the proportional limit (r), 
followed by an elliptic progression up to the yield strength (y) at a strain (y), with perfect plasticity 
assumed thereafter. The stress-strain relationship for the model envelope, depicted in Figure 12, is 
given by: 
  fe(m) 
E m (0  m  r / E)
y  1
(y  m)
2
a2
1








b (r / E  m  y )
y (m  y )







  (10.a) 
in which, 
a 
b ˆ 
ˆ (2b ˆ )
, b 
(E ˆ  ˆ ) ˆ 
(E ˆ  2 ˆ )
, ˆ  y 
r
E
, ˆ  y  r  (10.b) 
The model parameters E, r, and y as well as the thermal strain (th), vary with temperature (T) 
according to piecewise linear curves each consisting of five segments, thus providing an improved 
approximation over the trilinear functions used for the previous bilinear model. The yield strain, on 
the other hand, is considered to be independent of temperature, taken as (y=0.02) according to 
Eurocode 3[14]. Typical reduction factors for the material properties of steel according to Eurocode 
3 are shown in Figure 13. 
In order to simplify the model characteristics under conditions of strain reversal, while maintaining a 
realistic unloading response, an isotropic strain-hardening rule is adopted for this model, as 
illustrated in Figure 14. Accordingly, for a particular temperature, the elastic range, based on equal 
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tensile and compressive proportional limits, varies between (2r) and (2y), with the current range 
dependent on the cumulative plastic strain (p ) taken as the sum of all previous plastic strain 
increments in absolute value. 
Determination of stress 
Denoting the plastic strain and cumulative plastic strain at the end of the previous incremental step 
by p
o
 and  p
o
, respectively, the stress () for a given total strain () at a temperature (T) for the 
current step can be determined according to the following procedure: 
1. Establish the current thermal strain (th) from the piecewise linear th-T relationship. 
2. Establish the current Young's modulus (E), proportional limit (r) and yield strength (y) at 
temperature (T) from the corresponding piecewise linear relationships. 
3. Determine the current mechanical strain (m) given by (4). 
4. Calculate the current stress assuming an elastic response, as given by (5). 
5. If the stress obtained in the previous step exceeds the plastic part of the envelope given by (10), 
taking the cumulative plastic strain ( p
o
) into account, recalculate the stress: 
  
e (p  e  p)
p (e  p)
p (e  p )





 (11.a) 
 where, 
 p 
r  p
o
 m   p
o
 r / E 
fe  p
o
 m  p
o   po  m   po  r / E 





 (11.b) 
The plastic strain terms required for the next equilibrium step include the current plastic strain (p), 
which is obtained from (8) in the same way as for the bilinear model, and the current cumulative 
plastic strain (p ), which accounts for the current increment of plastic strain in absolute value: 
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 p   p
o
 p   p
o
 (12) 
Tangent modulus 
The tangent modulus (Et) for the elliptic model depends on the current stress state, where three cases 
are considered, as follows: 
Et 
E   p 
˜ 
˜ 
1
b
b  ˜ 




  p  y 
0   p  y 





 (13.a) 
in which, 
˜   y   p
o
 m  p
o , ˜  y    (13.b) 
and b is given by (10). 
3.2. Creep Model 
Creep is a time-dependent strain that occurs when a material is subjected to a stress for a prolonged 
period of time. It is well known that metals creep at temperatures above 0.3Tm, where Tm is the 
absolute melting temperature, and at temperatures around 0.5Tm, creep strains can be substantial
[18]. 
Several models[19] were proposed for the creep response of steel under constant stress (i.e. steady-
state creep), of which Plem‟s model[20] is considered to provide a simplified, yet realistic, 
representation. Plem‟s model represents the primary and secondary creep of steel using quadratic and 
linear variation over the time domain (Figure 15), with the notion of temperature-compensated time 
() used to represent the effects of elevated temperature: 
c 
co 2 Z / co  (0    o )
co Z (  o )



 (14.a) 
where, 
o  co / Z  (14.b) 
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The temperature-compensated time is defined by the following integral over the time domain: 
  e

H
R T
dt


 (15) 
in which H is the activation energy of creep (J/mol), R is the gas constant (J/mol K), and T is the 
absolute temperature (K). 
The dependence of steady-state creep on the stress level () is established by the following 
expressions relating the two model parameters co and Z to : 
co  A
B
 (16.a) 
Z 
C
D
(  1)
Ge
F
(  1)



 (16.b) 
where, A, B, C, D, F, G and 1 are material constants for steady-state creep. Values of these 
constants, along with H and R, for different types of steel can be found in the work of Thor[21]. 
In order to model the transient creep response under varying stress, the strain-hardening rule[18,19] is 
adopted. This rule shifts the cumulative temperature-compensated time when the stress level is 
varied, such that the steady-state creep curve corresponding to the new stress level is used from the 
last attained value of the creep strain, as illustrated in Figure 16. 
In the present work, the creep strain is evaluated for an incremental time step (t) using the current 
temperature (T), an applicable steady-state creep curve, and the strain-hardening rule for transient 
creep. The steady-state creep curve is based on the previous stress (o), instead of the current stress 
(), so as to avoid the need for iteration in evaluating ; the results of this approach are realistic 
provided the size of the temperature and stress increments are reasonably small. Denoting the 
previous creep strain by (c
o
), the procedure for determining the current creep strain (c) is as 
follows: 
1. Establish the properties of the steady-state creep curve, co and Z, corresponding to 
o
 from (16). 
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2. Determine the shifted temperature-compensated time (o) associated with c
o
 on the current 
steady-state creep curve: 
 
o

c
o2
4co Z
(c
o
 2co )
c
o
 co
Z
(c
o  2co)





 (17) 
3. Determine the current temperature-compensated time (): 
   
o
 e

H
R T
t  (18) 
4. Establish c from the current steady-state creep curve using (14). 
The above creep model can be readily applied with the two elevated temperature models of steel, 
discussed in the previous Section, in which case the mechanical strain should be evaluated according 
to the following expression instead of (4): 
m    th  c  (19) 
in order to account for the current creep strain. 
3.3. Rate-Sensitive Model 
The resistance of steel is increased in the plastic range if the material is subjected to high strain-rates, 
which may be due to severe dynamic loading such as explosion. The strain-rate effect arises as a 
result of the dependence of the plastic flow rate on the overstress beyond the „static‟ yield response. 
This is reflected by Malvern‟s visco-plastic theory[15], which relates the plastic strain-rate (
p ) to the 
overstress (X) as follows: 
pE f (X)   (20.a) 
with, 
X    g(m ) (20.b) 
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where g(m) is the „static‟ yield response, illustrated in Figure 17.a for a bilinear elasto-plastic model. 
Manzocchi[22] employed the above visco-plastic assumption with the bilinear elasto-plastic model for 
steel and the rate-function: 
X/S
*f (X) E (1 )(e 1)     (21) 
which leads to a logarithmic relationship between the overstress (X) and mechanical strain-rate ( m ) 
at steady-state (
m constant, X 0  
 ): 
m
*
X S ln 1
 
  
 


 (22) 
where, S and *  are material properties for rate-sensitive response (Figure 17.b). 
The above model[22] is effective, since the visco-plastic equation can be integrated analytically 
assuming a constant strain-rate ( m ) over the time step (t), which leads to an explicit relationship 
between the overstress (X) and the increment of mechanical strain (m). Therefore, this rate-
sensitive model[22] is adapted for use with the bilinear elevated temperature model of steel presented 
in Section 3.1.1. Accordingly, the overstress (X) corresponding to a mechanical strain-rate 
( m m / t    ) is first calculated and then added to the stress evaluated from (6) in the plastic range 
to obtain the current rate-sensitive stress (). While the modified model can easily accommodate the 
variation of the rate-sensitivity properties (S) and ( * ) with temperature, this effect is not currently 
included due to the lack of related experimental data. Accordingly, the present model is applicable 
only to combined fire and explosion scenarios in which explosion precedes fire, so that the rate-
sensitive response is not influenced by elevated temperatures. 
4. INTEGRATED EXPLOSION AND FIRE ANALYSIS 
The adaptive nonlinear analysis procedure and the elasto-plastic material models of steel, discussed 
in the previous Sections, have been implemented within the nonlinear analysis program ADAPTIC[8]. 
With the existing capabilities of ADAPTIC for nonlinear static and dynamic analysis[8], the resulting 
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environment can be used for fire and explosion analysis of steel frames, including the combined 
scenario of explosion preceding fire. It is worth noting that although static analysis is normally 
sufficient for modelling the structural response under fire conditions, dynamic analysis may be 
required for cases in which the elevated temperatures lead to a temporary loss of structural stiffness 
that may be regained at large displacements. Of course, dynamic analysis is required in any case for 
modelling the structural response to explosion loading. 
Nonlinear analysis of steel frames under explosion and/or fire loading is undertaken incrementally 
over the time domain. Given the very short duration of explosion loading in comparison with fire, as 
well as the characteristics of the structural response associated with each of the two types of loading, 
the time-step required for explosion analysis can be orders of magnitude smaller than that needed for 
fire analysis. In the context of a combined scenario, the use of a constant time-step throughout the 
analysis must be based on the smaller value required for the explosion phase, thus necessarily leading 
to huge computational requirements. In this work, the use of different time-steps is allowed in the 
explosion and fire phases, thus achieving considerable computational efficiency without 
compromising accuracy. Furthermore, the adopted nonlinear solution procedure enables the adaptive 
reduction, and subsequent restoration, of the time-step[8] should local convergence difficulties arise 
during the explosion or fire analysis phases. 
5. CONCLUSION 
This paper presents a newly developed method for integrated adaptive nonlinear analysis of steel 
frames subject to fire and explosion loading. The main benefits of the proposed method over 
conventional nonlinear analysis include i) the consideration of fire and explosion analysis within the 
framework of adaptive nonlinear analysis, and ii) the ability to model the effects of a combined 
scenario of explosion followed by fire on steel frames. 
The paper describes the two component beam-column formulations of adaptive nonlinear analysis, 
and details the requirements for automatic mesh refinement of elastic elements into an appropriate 
mesh of elastic and elasto-plastic elements, in the context of both fire and explosion analysis. 
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Subsequently, the material models employed within the elasto-plastic formulation for fire and 
explosion analysis of steel members are presented. These include two models for steel at elevated 
temperature, varying in sophistication and efficiency, a model for steel creep at elevated temperature, 
and a model of steel subject to high strain-rate as may be induced by explosion loading. Finally, the 
paper discusses the main requirements for an integrated nonlinear analysis tool capable of modelling 
the response of steel frames subject to a combined scenario of explosion followed by fire. 
In the companion paper, the proposed environment is verified against experimental and analytical 
results, and is used to investigate the influence of explosion loading on the fire resistance of steel 
members and frames. 
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Figure 1. Local freedoms of elastic quartic formulation 
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Figure 2. Reduction of elastic modulus 
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Figure 3. Local freedoms of elasto-plastic cubic formulation 
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Figure 4. Monitoring areas for an I-section 
Monitoring
area
y
z
 
 Song et al.: An Integrated Adaptive Environment for Fire...- Part I: Analytical Models 
 
 
Figure 5. Automatic mesh refinement applied to a frame 
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Figure 6. Checking and refinement of a typical elastic element 
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Figure 7. Distributed loads and end forces of elastic quartic element 
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Figure 8. Response of bilinear model at constant temperature 
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Figure 9. Trilinear curve for the variation of E with temperature 
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Figure 10. Trilinear curve for variation of εth with temperature 
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Figure 11. Determination of stress for bilinear model 
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Figure 12. Stress-strain envelope for elliptic model 
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Figure 13. Reduction factors for steel properties at elevated temperatures 
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Figure 14. Response of elliptic model under strain reversals 
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Figure 15. Plem’s steady-state creep model 
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Figure 16. Strain-hardening rule for transient creep response 
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Figure 17. Bilinear rate-sensitive model 
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